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A FLIGHTINVESTIGATIONOFTHEEFFECTOF CENTER-OF-GRAVITY
LOCATIONONGUSTLOADS
By JackFunkandEsrleT.Binckley
mMMA.RY
Twojet-propelledairplaneswereflowninroughairto investigate
theeffectsof center-of-gravitylocationon gustloads.‘Datawere
obtainedat’centersof gravityof20.9and27.5percentmeanaerodynamic”
chordforincremental.loadfactorup tolg . Thereatitsin’~catethat
a 6.6-percentforwardmovementofcenterofgravi~decreasesthegust
loads”byapproximately10percent.Themostfrequentlyoccurringvalue
ofgustgradient,distancetakenhereinasthedistancefromlR topeak
accelerationwas
accelerationfor
meanaerodynamic
distanceof17.5
17.5chords.Calculationsofthechangeinn&mal-
a center-of-gravi~movementfrom20.9to27.5percent
chordfora singletriangulargusthavinga gradient
chordswereingoodagreementwiththetestresults.
INTRODUCTION
Oneoftheproblemsconnectedwiththe
operationinroughairistheeffectofthe
characteristicson gustloads.Theoretical
s
designof*planes andtheir
airplanelongitudinalstsbili~
investigationsofthis
problem(references1 to 6) indicatea reductionin-~t loadswith
increaeedstaticlongitudinalstabili~.However,theseinvestigations
madecertainsimplifyingassupptionsjandcalculationswereconfined
to singlegustsofparticularshapes.Appreciabledifferenceswere
notedinthecalculatedriormal-accelerationincrementswhichdepended
upontheparticularsimpli$’yingassumptionsmadeandthegustshapeused
inthecalculation.Becauseofthesediscrepancies,thepredictionof
theeffectsoflongitudinalstabilityby thesemethodsis somewhatin
doubt.
Inorderto obtainan i@icationfromflightestsoftheeffect
oflongitudinalstabili~ongustloads,a cooperativeflightinvestigation
wasundertakenby theNACAandtheAll’WeatherFlyingDivisionofthe
U. S.AirForce.Sincecdctiationsandgust-tunneltests(reference6)
indicatedthatthecenter-of-gravitylocationhasa greatereffecton
gustloadsthanotherparameterssuchastaillengthandtailvolumeand
. . .. .. . . . . .
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becauseofthedifficultiesinvolved-invsryingtheotherparametersin
.
flight,a flightinvestigationwasundertakento studytheeffectofthe
center-of-gravi~locationongustloads.
Thispaperpresentstheresultsoftheflight estswithsome
calculatedvaluesforcomparison.A statisticalnalysiswasusedin
evaluatingflightestdataobtainedincontinuouslyroughairandthe
resultsthereforeincludetheeffectofa sequenceofgustsofvarying
shapes.Thecalculatedvslueswereconfinedto singlegusts
shapebecauseof complexi~of calculationfora sequenceof
themotionoftheairplane.
Afterconductingthesetests,itwasfoundthatsimilar
weremadeby Hoene(reference7). Theresultsindicatethat,
oftriangular
gustson
flightests
aswith
thepresentests,a forwardmovementofthecenterof gravi~decreased
thegustloads.ThesetestswereconductedwithtwoGermanairplane
typeshavingmaximumflightspeedsofappro-tely 180milesperhour.
ThepresentestsweremadeathigherMachnumibersandwingloadingthan
thetestsofreference7.
APPARATUS
Twojet-propelledairplanesofthesametypewereusedinthe
investigation.A three-viewdrawingoftheairplaneis showninfigure1
andOthepertinentcharacteristicsof eachairplanesregivenintable1.
Thefollowinginstrumentswereinstalledineachairplanetoobtain
dataonthegustloads:
(1)NACAair-dampedrecordingaccelerometer
(2)l?ACAairspeed-altituderecorder
(3) NACAl-secondintervaltimer
Therecordingaccelerometerhada naturalvanefrequencyof 19 cycles
persecondandwasadjustedfora dampingcoefficientof0.7ofcritical
forstandardsea-levelconditions.Therecorderhada range4 to -2g
witha verticaltracedeflectionof2 inches.Theinstrumentwasmounted
.
in thepilot’scompartment,approximately~ feetforwardofthenormal
centerofgravi~of theairplane.Thislocationwastheclosestothe
centerofgravityoftheairplane-thatwasaccessible.
Theairspeed-altituderecorderwasmountedinthenosearmament
compartmentalongwiththepowersupplyandinterval’timer.The
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total-pressuretubefortheairspeedwas
airplaneforwardofthenosewheel.The
speedandaltitudewasobtainedfromthe
Bothinstrumentsweresuppliedwith
3
locatedbelowthenoseof the
staticpressureforbothair-
servicesystemoftheairplane.
filmmagazineshavim a 50-foot
capacityandoperatingata filmspeedof1/4inchpersecond.
.
METHODANDTESTS
Thetestmethodconsistedof comparingtheloadsmeasuredin side-
by-sideflight hroughclear-airturbulenceon two airplaneswhichdif-
feredin center-of-gravitylocation.As a control,testswerealsomade
withbothairplaneshavingnearlythesamecenter-of-gravitylocation
to checkthereliabilityoftheprocedure.Cumulativefrequencydistri-
butionsofthemagnitudeofthemeasuredaccelerationswerecomparedon
thebasisthatthedifferencewouldbe dueentirelytothedifference
inthecenter-of-gravitylocationsofthetestairplanes.
Twenty-fourflightsinallweremade. Twelveflightsweremade
withcenter-of-gravitylocationsof20.9and27.5percentmeanaerodynamic
chord,andtwelveflightsweremadewiththecenter-of-gratitylocations
of23.Oand24.9percentmeanaerodynamicchord.Eachflightcon13isted
offourruns,twoeachat203milesperhourand450milesperhourat
analtitudeofapproximately1500feetaboveterrain.Pilotassignments
andtheorderofhigh-andlow-speedrunswerevariedto eliminateany
consistentcouibinationof conditionsthatmightaffecttheresults.In
ordertominimizetheinfluenceofthepilotsontheresults,thepilots
wereinstructedtousea minimumof control.Anycorrectivecontrol -
necessarytomaintainproperairspeedandaltitudewasma& slowly. A
Dueto safetyconsiderations,thefuselagedivebrakesoftheair-
planeswereloweredfortherunsat200milesperhourinorderto allow
foran increasedenginepowersetting.Wind-tunneltestsindicatethat
loweringthedivebrakesresultedinnoappreciablechangesin static
longitudinalstability.Measurementsof center-of-gravitylocationwere
madeforthetake-off
travelwithfuelload
weightforeachflightcondit~on.ienter-of-gravity
basedon thesemeasurementsi giveninfigure2.
RESULTS
Theaccelerometerrecordswereevaluatedto obtainthemagnitude
of allaccelerationi crementsabove0.2g forthe200-mile-per-hourruns
andabove0.4g forthe450-mile-per-hourruns. Thesethresholds
correspondto approximately-foot-per-secondeffectivegustvelocity
. -— .. . . .. ... ... . —.—________ ---..—. .— ._ —-— -.—... . .. .——— _-
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forbothspeeds.Theevaluationwasconfinedto a singlemaxinmnnor
minimumbetweenaqftwoconsecutiveintersectionsof therecordline
withthelg reference.Theairspeed-altituderecordswereevaluated
to obtainanaveragevalueofairspeedandaltitudeforeachrunfrom
whichthetotalflightdistancein airmileswascomputed.
Sincetherecordingaccelerometerwasnotmountedatthecenterof
gravity,a correctionhadtobe appliedtothemeasuredaccelerations
fortheeffectsoftheangularaccelerationsoftheairplane.This
correctionwasmadeontheassumptionthatthelocationoftheaerodynamic
centeroftheairplanecorrespondstothelocationofthestatic-stability
neutrslpoint.Eventhoughtheaccelerationsofthecenterofgravity
obtainedinthismannerareonlyapproximate,an analysis(seeappendixA)
“ indicatesthattheratiooftheaccelerationsofthetwotestcenter-of-
gravilqylocationsis insensitivetothelocationoftheliftvector,and
thattheprecedingassumptionresultsin anerroroflessthan1 percent.
Theaccelerationsobtainedforeachsetoftestswerecorrected
to a standardweightof10,750poundsonthebasisthattheacceleration
isinverselyproportionaltotheairplaneweight.Thesedatawerethen
sortedintofrequencydistributionsinintervalsof0.05g forthe
200-mile-per-hourtestsand0.10g forthe470-mile-per-hourtestsfor .
eachairplane.Thesedistributionsandtheflightmilesforeachtest
conditionaregivenintablesII andIII. Cumulativefrequencydistri-
butionswereobtainedfromthedataoftablesII andIIIby summingthe
frequencydistributions.Theplotsoffigures3 and4 wereobtainedby
divitingthecumulativefrequencydistributionsintothetotalflight
miles.Thefigureshowtheaverageflightmilestoexceeda given
accelerationi crement.
DISCUSSION
Theresultsof
locations(23.Oand
thatbothairplanes
thereforeconcluded
thetestswithnearlythessmecenter-of-gravity
24.9percentmeanaerodynamicchord(fig.3))indicate
haveessentiallythesamegustexperience.It is
thatside-by-sidet stflightsofthepresentype
andcoveragearesufficientto insuresubstantialequivalentOver-a-fi
gustexperience.
Theresultsofthetestswithcenter-of-gravitylocationsof20.9
and27.5percent(fig.4)showanapproximate10-percentdifferencein
theaccelerationexceededonceontheaveragein a givenflightdistance.
Thetestsattheforwardcenter-of-gravitylocation’gavethelower
accelerations.Sincethegustexperiencecanbe assumedessentiallythe
sameitis concludedthattheforwardmuvementofthecenterofgravity
from27.5to 20.9percentmeanaerodynamicchordresultedinanover-all
reductionof10percentintheairplane“normalaccelerations.
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Forcomparisonwiththeexperimentalresultshowninfigure4,
calculationsweremadeoftheeffectoflongitudinalstick-fixedstability
on gustloadsby themethodofreference5. AccelerationratiosAn/An8
(whereQ istheaccelerationcomputedby thesharp-edge-gustequation,
reference6,p. 4)werecalculatedfortriangulargwt shapeshaving
variousgradients.Theresultsofthesecalculationsforcenter-of-
gravi~locationsof20.9and27.5percentmeanaerodynamicchordare
showninfigure5 asa functionofgradientdistance.Theresultsof
thecalculationi dicatea 3-percentdifferencein-theaccelerationratio
forgradientdistancesof5 chordsincreasingto 23-percentforgradient
distancesof30 chords.
Inorder’tomakea comparisonbetweentheexperimental.ndcalculated
valuesitisnecessarytoobtainthemostfrequentlyoccurringgust
gradientdistanceforthetestresults.Thegradientdistancesaccording
totheusualdefinitioncouldnotbe evaluatedfromtheexperimental
datawhichweretakenintherepeatedgustcondition.Therefore,itwas
assumedthatthedistancetraveledwhileundergoinga changeofaccelera-
tionfromlg topeakaccelerationwasa measureofthegustgradient
distance.Datafromseveral.flightswereevaluatedto obtainvaluesof
thisparameter.Thefrequencydistributionfthevaluesofgust~adient
distancethusobtainedis showninfigure6 andshowsthatthemost
frequentdistancefromlg topeakaccelerationis17.5chords.-The
differenceinthecalculatedaccelerationratiosforthetwocenter-of-
gravitylocationsfor17.5chordsis11 percent,whichisin goodagree-
mentwiththeflight estresults.Theagreementbetweentestresults
andcalculationsinthepresentcasesuggeststhatstick-fixedcalculations
forsinglegustsmaybe ade~atefortheestimationfflightloadsin
repeatedgusts.
CONCLUSIONS
A flightinvestigationoftwojet-propelledairplanestodetermine
theeffectof center-of-gravi~locationongustloadshasshownthat
a forwardmovementofthecenterof~avi@ causesa decreaseinthe
gustloads.Theresultsindicatedapproximatelya 10-percentreduction
inloadsfora forwardmovementof thecenter-of-~avitylocationof
6.6percentmeanaerodynamicchord.Calculationsforsingletriangular
gustsassumingstick-fixedconditionswerein goodagreementwiththe
experimentalresults.
.
LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics
Langleylj’ield,Vs.,September4,1951
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APPENDIXA
.CORRECTIONFORACCELERATIONMEASUREMENTS
Since
of gravity
ofangular
MOTIONOFAIRPLANE
therecordingaccelerometercouldnot
DUETOPITCHING
hemountedatthecenter
oftheairplane,themeas~edaccelerationforthe.component
accelerationduetopitchingmotionshadtobe corrected.
Thiscorrectionwasmadeontheassumptionthattheaerodynamiccenter
ofthewholeairplanewaslocatedatthestick-fixedstaticneutralpoint.
Thefollowingsynibolsareusedinthederivationofthecorrection
factor:
M pitchingmomentaboutcegterofgravity
&g normsl-accelerationincrementof centerofgravity,g
4 linearcomponentof angulsracceleration
hA accelerationi crementofpointA
B distancefromrecordingaccelerometer
x distancefromrecordingaccelerometer
to centeroflift,feet
to centerof gravity,feet
‘Y massmomentof inertiaof airplaneaboutcenterofgravity
inpitch,slug-feet2 .
..
e angularacceleration
Theangularaccelerationftheairplaneisrelatedtothepitching
momentby thefsmiliarequation
1% thesketch,
- B h4AL=Ancgw
. x
.,C.lz.\v a
Accelerometer Airplane
a.c.
?Ancgw
(Al)
— . — ——— -.
.
,>
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it canbe seen
givenby
thatthepitchingmoment
.
M = AncgW(X
Combiningequations(Al)and(A2)gives
; _ Ancgw(x
7
aboutthecenterofgravityis
- B) (A2)
- B), (A3)
Iy
ThelinearcomponentoftheangularaccelerationatpointA from
equation(A3)is
TheaccelerationfpointA is duetothe
translationalmotiongivenby theequation
fromwhich
Bx) (A4)
combinedrotationaland
hA
~cg =
1+ * (X2-Bx)
Y
(A5)
(A6)
Fortheflightestsat20.9and27.5percentmeanaerodynamicchord,
Xl = 4.9feet,X2 = 5.4feet,W = 10,750pounds,Iy = 15,300slug-
feet3,and B = 5.8feet(wherethesubscripts1 and2 refertothe
forwardandrearwardcenter-of-gravitylocations,respectively),the
followingcorrectionfactorsaregiven:
(Ancg)z= 1.05 An+
Theprecedingcorrectionwasderivedontheassumptionthatthe
aerodynamiccenteroftheairplanewasatthestick-fixedstaticneutral
pointinthegustcondition.Actuallytheaerodynamiccenterchanges
inthegustcondition.Somecalculationsweremadeto determinethe
effectsof sucha changeonthedifferenceb tweentheacceleration
---- . .. .. . . . . .. ... .. . ----- .—— .. . ... ..- .— —.... .-. . ,_ .._ ______ ... -—.-—e -z-. —— -.. . ..1-
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frequencydistributionforthetestat centersofgravi~of20.9and
27.5percentmeanaerodynamicchord.Theratiooftheaccelerationfor
theforwardcenterofgravitytotherearwardcenterofgravityobtained
fromequation(A5)by mibstitutingtheappropriatevaluesisgivenby
(A%g)l . (hA)I 1.63 -0.11713
(@g)2 (&A)21.52-“O.1O7I3
It canbe seenfromequation(A7)thattheratioof
(A7)
theaccelerations
isonlyslightlyaffectedby thepositionoftheliftvector.A change
of & feetfromtheassumedlocationwouldonlycausea 1.8-percent
changeintheratioofaccelerationforthetwocenter-of-gravitylocations.
Am reasonablechangeinthelocationoftheliftvectorcanthusbe
seentohavea negligibleeffectonthepresentresults.
.
.
— . . . —. —-.
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AIRPLANECHARACTERISTICS
,
Item AirplaneI Airplane11
Meanaerodynamicchord,feet . . . . . . 6.7 6.7’
Slopeof liftcurve,for
incompressibleflow,perradian . . . 4.7 4.7
Wingmea, squarefeet . . . . . . . . . 237 237
Momentofinertia~, slug-feet2. . . . 15,300 15,300
Normalcenter-of-gravitylocation
Averagetestweight . . . . . . . . . . 10,711 10,566
Center-of-gravitylocation,percent
M.A.C. . . . . . . . . ... . . . . . . 23.0 24.9
Shiftedcenter-of-gravitylocation
Averagetestweight. . . . . . . . . . . 10,936 10,610
Center-of-gravi@location,percent
M.A.C. . . . . . . . . . . . . . . . . 20.9 27.5
—. —- ————- ... -
..— . ---
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TABLEII
FREQUENCYDISTRIBUTIONFACCELERATIONSFOR
200-MILE-PER-HOURFLIGHTSPEED
I I I
Claef3
interval
(g)
0.20-0.25
.25- .30
.30- .35
.35- .40
.40- .45
.45- .~
.50- .55
.55- .60
.60- .65
Totalflight
miles:
Airplaneandcenter-of-gravitylocation
~
527 642
3;; 278
144
47 52
25 33
12 94 5
0 1
1 - ---
444.7 440.7
AirplaneI
(20.9)
728
418
128
51
18
3
4“
1
1
AirplaneII
(27.5)
623
.340
172
76 “
22 -
10
3
3
1
455.5 I 451.7
I
.4
—. . .. .._.- ——-. -.— -. ..:—-. . ..— — —..—7 —-— ..- --- —-—— .__. . . . . . ._. —
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TABLEIII
FREQUENCYDISTRIBUTIONFACCELERATIONFOR
450-MILE-PER-HOURFIZGHTSPEED
Airplaneandcenter-of-gravitylocation
Classintervsl,
AirplaneI AirplaneII AirplaneI AirplaneII
‘g (23.0) (24.9) (20.9) (27.5)
0.40-0.50 778 781 888 935
- .60 392 370 446 480
:2- .70 188 165 269 275
.70-.80 75 84 125 163
.80-.90 39 36 69 80
1.00-1.10 7 . 9 22
1.10-1.20 6 : 3 9
1.20-1.30 “o 2 1 4
1.30-1.40 3 --- 3 1
1.40-1.50 0 --- --- 1
1.50-1.60 1 --- --- 1
Totalflight
miles: 461.2 k63.6 456.8 455.2
—.— -. _ .—_- . .. ——.
.,
.
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Figurel.-Three-viewdrawingoftestairplane.
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Figure2.-Center-of-gravitytravelwithfuelload.
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